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(54) Semiconductor device having a miniband 

(57) An optoelectronic semiconductor device is pro- 
vided in which carrier transport towards the active region 
(2) thereof is enhanced by the formation of a miniband 
( 1 8) within a superlatt ice region ( 1 3) of the device having 
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a repeating pattern of first and second semiconductor 
regions. The minimum energy level (21 ) of the miniband 
(1 8) is equal to or greater than the energy level of a guid- 
ing region (3) between the active region (2) and the su- 
perlattice region (13). 
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D scription 

The present invention relates to an optoelectronic 
semiconductor device having a miniband. Such a mini- 
band improves the transportation of charges within the 
device. In particular, the miniband improves the opera- 
tion of semiconductor light sources, modulators and de- 
tectors operating in the green or blue regions of the elec- 
tromagnetic spectrum. 

Researchers in the field of optoelectronic semicon- 
ductor devices have been investigating ways to provide 
light sources operating in the blue-green optical region. 
The properties of 1 1 -VI compound semiconductors as 
guiding region and cladding region materials have been 
reported. 

Initial research on blue-green optical devices re- 
ported the use of ZnSe and ZnS 0 07 Se 0 93 as guiding 
and cladding region materials, respectively ("Blue- 
green laser diodes", M. A. Haaseetal., Appl. Phys. Lett. 
59 p. 1272). Some researchers reported that a 
ZnS o.07 Se o.93 9 uldin 9 region and a ZnMgSSe cladding 
region lattice matched to GaAs were necessary for the 
reduction of threshold current and shortening the lasing 
wavelength ("Room temperature continuous operation 
of blue-green laser diode", N. Nakayama etal., Electron. 
Lett. 29 P. 1488). 

However, the rapid decrease of net acceptor con- 
centration (Na-Nd) with increasing bandgap energy in 
ZnMgSSe, which was believed to be a good material for 
the reduction of threshold current and shortening the 
lasing wavelength, may define limits of the threshold 
current and the lasing wavelength. The shortest lasing 
wavelength that the applicants are aware of is 489. 9nm 
and the threshold current density is 1 .5kA/cm 3 for con- 
tinuous operation at room temperature. ("Continuous- 
wave operation of 489.9nm blue laser diode at room 
temperature", N. Nakayama et al., Electron. Lett. 29 p. 
2164). 

In order to avoid the drastic reduction of net accep- 
tor concentration (Na-Nd) and to improve doping effi- 
ciency the use of a modulation doping technique has 
been proposed ("Doping in a superlattice structure: im- 
proved hole activation in wide-gap ll-VI materials'', I. 
Suemune, J. Appl. Phys. 67 p.2364). Furthermore, an- 
other technique of introducing a superlattice structure 
has also been proposed ("One-hour-long room temper- 
ature CW operation of ZnMgSSe-based blue-green la- 
ser diodes", A. Ishibashi et al., 7th annual meeting on 
the IEEE Lasers and Electro-Optics Society (1994)). 

Researchers have found it difficult to obtain blue 
colour laser diodes with the wavelength shorter than 480 
nm with continuous wave operation at room tempera- 
ture even when using a ZnMgSSe cladding layer lattice 
matched to GaAs. 

Fig. 1 shows the energy level diagram of a conven- 
tional separate confinement heterostructure (SCH) la- 
ser diode (LD) having an undoped active region 2 in 
which the carriers, electrons and holes, recombine to 



emit light of a wavelength determined by the conduction- 
valence bandgap energy The active region 2 may be a 
single quantum well (SQW) or it may be a multi-quantum 
well (MQW) structure with barriers separating the wells. 

5 Guiding regions 3 and doped cladding regions 4 act as 
confinement barriers for the carriers contained in the ac- 
tive region 2. The guiding regions 3 have a higher re- 
fractive index than the cladding regions and serve to 
guide the optical waves. In conventional LEDs, the guid- 

10 jng regions are omitted. 

To shorten the lasing wavelength, it is necessary to 
increase the bandgap energy of active region 2. It is 
therefore necessary to increase the bandgap energy of 
the confinement barriers defined by the regions 3 and 

15 4, otherwise the band discontinuity between the active 
region and the regions 3 and 4 will be reduced and will 
result in the increase of carrier overflow and consequen- 
tial increase of threshold current. 

ZnMgSSe quaternary is thought to be a promising 

20 material for both reducing the threshold current and 
shortening the lasing wavelength. However, as men- 
tioned above, a rapid decrease of net acceptor concen- 
tration (Na-Nd) with increasing bandgap energy in Zn- 
MgSSe has been reported. This means that it is difficult 

2S to obtain ZnMgSSe films with a good conductivity and 
relatively large bandgap energy. ZnMgSSe with a rela- 
tively targe bandgap energy contains relatively large 
amounts of S and Mg, which may result in the poor zinc 
blende crystal quality as the chemical composition ap- 

30 proaches MgS because the stable crystal structure for 
MgS is a rocksalt structure. 

To compensate for the rapid decrease of net accep- 
tor concentration and to improve the doping efficiency, 
the use of modulation doping^ technique has been pro- 

35 posed by Suemune (supra). However, in his proposal, 
the carrier transport takes place by a mechanism known 
as hopping, as shown in Fig. 2. 

The modulation doping is intended to increase the 
number of free holes in the valence band of the quantum 

40 wells 10 of a ZnSe/ZnSSe multiple quantum well sys- 
tem. In such a ll-VI system, the activation energy Ea of 
the acceptors is very large, ranging from 110-150meV. 
Consequently the population of thermally activated free 
holes is very small. The population of free holes in the 

45 p type ZnSe is ol crucial importance since the resistivity 
r of the material is given by 
- 

where 

so 

q = electron charge 

u = hole mobility (=* 30 cm 2 /Vs) 

p = hole concentration 

ss Therefore, in order to realise a low-resistivity and 
hence reduce power dissipation within the device, an 
increase in the hole concentration is desirable. Sue- 
mune calculated that the free hole concentration could 
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be increased by about 4 to 5 times for a doped super- 
lattice having a period of 60A. However, while the holes 
are free to move parallel to the quantum wells 10, trans- 
port perpendicular to the quantum wells is not so good 
as the holes have to hop across the quantum wells. Un- 
fortunately, it is the transport of holes perpendicular to 
the direction of the quantum wells which is important in 
the operation of many optoelectronic devices such as 
LEDs, lasers, detectors and modulators. There is a real 
possibility that the modulation doping described by Sue- 
mune could degrade the transport process along the di- 
rection perpendicular to the quantum wells since the 
quantum wells can act as traps for carriers (holes) which 
relax into them, as shown in Figure 2. The thermal ac- 
tivation of holes out of the quantum wells is represented 
by the arrows 12 and the relaxation of holes into the 
quantum wells is represented by the arrows 14. The rel- 
ative sizes of the arrows schematically illustrate the 
probability of each event with increasing probability be- 
ing represented by bigger arrows. Figure 2 also indi- 
cates the energy level 6 of the first confined quantum 
state within each well and the energy levels 7 and 8 of 
the dopant materials (acceptors) within the well and bar- 
rier materials, respectively. 

EP-A-0334759 discloses a unipolar semiconductor 
laser having a GaAs/AIGaAs system in which the lasing 
structure involves inter-sub-band transitions between 
minibands in the conduction band of a semiconductor. 
In such device, electrons are injected into an upper sub- 
band and traverse through a barrier or cladding region 
into the active region which is part of the upper mini- 
band. The electron density in the active region increases 
as a result of the miniband increasing in energy in the 
barrier region, and the electrons then undergo a radia- 
tive transition into a lower miniband, thereby emitting 
light. The carriers exhibit coherent miniband transport 
through the barrier and active regions. This device is for 
the generation of long wavelength light and is not suit- 
able for the generation of short wavelength (green or 
blue) light. 

EP-A-0614253 discloses a distributed feedback 
(DFB) InGaAsP-type laser device having an MQW laser 
diode section and an optical modulation section which 
is integrated with the laser diode section and which con- 
tains a multi-quantum well structure. The multi-quantum 
well structure of the optical modulator section is a cou- 
pled multi-quantum well structure in which quantum 
states of the quantum wells are coupled with one anoth- 
er to form minibands. However, such minibands are not 
involved in the transport of carriers to the active region 
of the laser diode section. 

WO 92/08250 and 94/00884 disclose MQW photo- 
detectors wherein the quantum wells of the photodetec- 
tor active region are separated by superlattice barrier 
lay rs having minibands. 

According to a first asp ct of the present invention, 
ther is provided an optoelectronic semiconductor de- 
vice including an active region, a first superlattice region 



and a guiding region disposed between the active region 
and the first superlattic region, the first superlattice re- 
gion having a repeating pattern of first and second sem- 
iconductor regions which define a plurality of quantum 

5 wells separated from each other by quantum barriers, 
the pattern repeat period being sufficiently small so as 
to form a miniband within the first superlattice region, 
wherein the minimum energy level of the miniband is 
greater than or equal to the, or the minimum, energy lev- 

10 el of the guiding region. 

According to a second aspect of the present inven- 
tion, there is provided an optoelectronic semiconductor 
device including an active region and an adjacent first 
superlattice region, the first superlattice region having a 

is repeating pattern of first and second semiconductor re- 
gions which define a plurality of quantum wells separat- 
ed horn each other by quantum barriers, the pattern re- 
peat period being sufficiently small so as to form a min- 
iband within the first superlattice region, wherein the first 

20 superlattice region defines a carrier confinement barrier 
for the active region, and wherein the minimum energy 
level of the miniband is equal to the energy level of the 
barrier. 

According to a third aspect of the present invention, 

2S there is provided an optoelectronic semiconductor de- 
vice including (a) an active region comprising a first plu- 
rality of quantum wells separated from each other by first 
quantum barriers, and (b) a first superlattice region, the 
first superlattice region having a repeating pattern of first 

30 and second semiconductor regions which define a sec- 
ond plurality of quantum wells separated from each oth- 
er by second quantum barriers, the pattern repeat peri- 
od being sufficiently small so as to form a miniband with- 
in the first superlattice region, wherein the minimum en- 

35 ergy level of the miniband is greater than or equal to the 
level of the first quantum barriers. 

The term "miniband" as used herein describes an 
electronic miniband which is a band of states which al- 
low charge carriers, preferably holes, to move easily. 

40 The present invention is particularly applicable to 
devices of the type wherein the active region has an en- 
ergy bandgap corresponding to the energy bandgap be- 
tween the conduction and valence bands of the material 
forming the active region. 

45 By forming a series of closely spaced quantum 
wells in the first superlattice region, the quantum wave 
functions which extend outside of each well overlap with 
the wave functions of neighbouring wells. The overlap- 
ping wave functions form a miniband thereby improving 

so carrier transport perpendicular to the quantum wells. 
The alternating series of first and second semiconductor 
regions forms the superlattice. 

The enhanced carrier transport through the valence 
band within th first sup rlattic r gion can only b 

55 achieved if the carriers can be injected into the mini- 
band. The carriers then travel through the miniband 
where they may lose som energy. The main influence 
on whether the carriers can be transported through the 
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miniband is the energy of the miniband relative to the 
energy of an injection region disposed on the opposite 
side of the first superlattice region to the active region 
and the energy of the guiding region or barrier between 
the first superlattice region and the active region. The 5 
minimum energy of the miniband within the superlattice 
must be greater than or equal to the potential energy 
level of a guiding region or barrier positioned between 
the superlattice and an active region of the device. Sim- 
ilarly the energy level of the injection region should be 10 
near or overlapping that of the miniband. If the energy 
of the injection region is substantially lower (eg more 
than 100meV lower) than the minimum energy level of 
the miniband, then the flow of carriers into the first su- 
perlattice region tends to be obstructed. is 

Preferably at least the semiconductor layers form- 
ing the quantum barriers of the first superlattice region 
are doped. This further increases the population of car- 
riers and enhances conductivity within the first superlat- 
tice region. The quantum well regions of the first super- 20 
lattice region may also be doped. 

Preferably, the width of the miniband is chosen to 
substantially maximise the transport of carriers. Prefer- 
ably the carriers are holes. The width of the miniband 
depends upon the semiconductor materials as well as 25 
the widths of the barrier and well layers, i.e. the widths 
of the first and second semiconductor regions. Further- 
more, the width of the miniband is chosen such that car- 
rier transport via the miniband is still possible when an 
electric field is placed across the first region, i.e. the min- 30 
iband does not separate into Stark levels. 

Preferably the semiconductors are chosen from the 
pseudomorphic quaternary alloys, such as the com- 
pounds of Zn, Mg, S and Se. Advantageously the first 
and second regions form a superlattice having a 35 
ZnSxSe^- MgSySe^y (0 < x, y < 1) structure. 

Advantageously, the widths of either of the first and 
second semiconductor regions or the repeat period of 
the pattern may be altered so as to vary the bandgap. 
The bandgap may be varied in a substantially parabolic 40 
manner. A second superlattice region may be provided 
on an opposite side of the active region to the first su- 
perlattice region. Each such superlattice region may 
have a spatially varying repeat period and may cooper- 
ate to define a graded index separate confinement het- 45 
erostructure device. Such a structure is optically effi- 
cient. 

Preferably the first and second semiconductor re- 
gions are substantially lattice matched with the lattice of 
a substrate such that little or no stress is exerted on the so 
first and second semiconductor layers. The substrate 
may be GaAs and the lattice constants of the first and 
second semiconductor layers may be varied by chang- 
ing the concentration of Mg and/or S within the layers. 

Prelerably the devic is a LED, a laser, a modulator 55 
or a detector. 

As an alternative, the first and second semiconduc- 
tor regions may be formed of lll-V semiconductor sys- 



tems, such as (AIGaln)P and (AIGaln)N alloys. 

The period repeat is preferably 6 monolayers or 
less. In the case of a material having a zinc blende, the 
width of a monolayer is half the lattice constant. 

It is thus possible to improve carrier transport to- 
wards the active region of a device. Furthermore, the 
superlattice region (s) can also define a graded index re- 
gion to improve confinement within the active region. 

The present invention will further be described, by 
way of example, with reference to the accompanying 
drawings, in which: 

Fig. 1 schematically illustrates an energy level dia- 
gram lor a conventional separate confinement het- 
erostructure laser diode; 

Fig. 2 schematically illustrates an energy level dia- 
gram in a modulation doping scheme as disclosed 
by Suemune (supra); 

Fig. 3 is a schematic illustration of the bandgaps for 
adjacent layers of MgS and ZnSe; 

Fig. 4 is a schematic illustration of the energy levels 
for holes within a quantum well and the broadening 
of the levels to form minibands; 

Fig. 5 is a plot of transmission probability versus en- 
ergy level for a device constituting an embodiment 
of the present invention; 

Fig. 6 is a schematic illustration of the carrier hole 
energy level versus displacement for a semicon- 
ductor device constituting a first embodiment of the 
present invention; 

Fig. 7 is a schematic illustration of the carrier hole 
energy level versus displacement for a semicon- 
ductor device constituting a second embodiment of 
the present invention: 

Fig. 8 is a schematic illustration of the carrier hole 
energy level versus displacement for a semicon- 
ductor device constituting a third embodiment of the 
present invention; 

Fig. 9 is a schematic illustration of the carrier hole 
energy level versus displacement for a semicon- 
ductor device constituting a fourth embodiment of 
the present invention; 

Fig. 10 is a schematic illustration of the carrier hole 
energy level versus displacement for a semicon- 
ductor device constituting a fifth embodiment of the 
present invention; 

Fig. 11 is a plot showing bandgap and lattice con- 
stant for various semicondudors; 
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Figs. 12a to 12c show photo-luminescence (PL) 
spectra for various strained layer superlattices; 

Figs. 13a and 13b show PL spectra for further 
strained layer superlattices; 

Figs. 14 and 15 show device incorporating super- 
lattices for investigation of the effect of such super- 
lattices; 

Figs. 1 6a and 1 6b show PL spectra for the devices 
illustrated in Figs. 14 and 15; 

Fig. 17 is a graph of the l-V characteristics for the 
devices shown in Figs. 14 and 15; 

Figs. 18 and 19 show further devices incorporating 
superlattices for investigation of the effect of such 
superlattices; 

Figs. 20a and 20b show PL spectra for the devices 
shown in Figs. 18 and 19; 

Fig. 21 is a graph of the l-V characteristics for the 
devices shown in Figs. 18 and 19; 

Fig. 22 illustrates a laser not constituting an embod- 
iment of the present invention; 

Fig. 23 illustrates a laser similar to that shown in 
Fig. 22, but constituting an embodiment of the 
present invention; 

Fig. 24 is a graph comparing output light intensity 
versus current for the devices shown in Figs. 22 and 
23; 

Figs. 25 to 27 illustrate further embodiments of the 
present invention; 

Fig. 28 is an energy level diagram for the device 
shown in Fig. 27; 

Fig. 29 is a diagram of an energy level scheme of a 
laser constituting a further embodiment of the 
present invention; and 

Fig. 30 to 32 are energy level diagrams for lasers 
constituting further embodiments of the present in- 
vention. 

As mentioned above, it is necessary to increase the 
bandgap energy of the confinement barriers defined by 
th guiding region/barrier and th cladding region of a 
semiconductor laser to reduce the thr shold current and 
to shorten the lasing wavelength. The proportions of S 
and Mg in ZnMgSSe can be varied to increase the band- 
gap thereol, but may require so much S and Mg that the 



structure b gins to resemble MgS. This results in a poor 
crystal quality because the stable crystal structure for 
MgS is the rocksalt structure. Therefore, from the view 
point ol crystal quality, there is an upper limit of S and 

s Mg compositions for ZnMgSSe. However, this limit can 
be breached using a superlattice structure and growing 
MgS films with a zinc blende structure, and not a rocksalt 
structure. If the film thickness of MgSySe^y (0 < y < 1) 
is sufficiently thin, zinc blende MgSySe^y, can be grown 

io on ZnS x Se Vx (0 < x < 1 ) and an upper ZnSxSe^ layer 
grown over the MgS y Se Vy layer will stabilize the zinc 
blende structure of the MgSySe^y layer. The layers can 
be repeated to define a superlattice in which the discon- 
tinuities between the layers give a theoretical maximum 

is band discontinuity, AEc (conduction band energy 
change) of 0 to 1 11 5meV and AE V (valance band energy 
change) of 0 to 736meV as shown in Fig. 3. Fig. 3 shows 
two energy levels at the valence band, these levels re- 
late to light holes (Ih) and heavy holes (hh). The energy 

20 levels for the holes in an unstressed material are degen- 
erate, however stress within the material lifts this degen- 
eracy. The heavy holes have a lower energy level and 
consequently are more populated. 

Within a structure comprising first and second alter- 

2S nating semiconductor layers, a miniband is formed as 
the layer thickness becomes reduced. The formation of 
the miniband can be considered as the superposition of 
a multiplicity of solutions of the "square weir otherwise 
known as "particle in a box" quantum mechanical prob- 

30 lem. 

To recap, the "square well" problem involves solving the 
Schrodinger equation, 

2m dZ 2 

for an infinitely deep well of width L z (extending from 0 
to L z ). In this solution, boundary conditions are that the 
wave function falls to zero at the edges of the well. Thus 
the solution is 



35 



40 



45 



SO 



En= ^lrJ 



where n = 1,2,3 
where: 



m is effective mass of the particle 
fi = Planck's constant /2n 
T = quantum wavefunction 
and T n = ASin^ 



where Z is position within the box. 

However, when the height of the well becomes finite 
the wave functions can take non-zero values outside the 
confin s of the well. Furthermor th solution contains 
55 both even (symmetric) solutions and odd (antisymmet- 
ric) solutions. 

The solutions to the finite well equations for a well 
extending from -L/2 to + L/2 give ven solutions that ap- 
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proximate 

nnZ 
cos— j— 

within the well and antisymmetric solutions which ap- 
proximate 

. nrcZ 
sin— j— 

within the well. Each solution also has an evanescent- 
wave which extends outside of the well. 

The energy levels of the finite square welt are sim- 
ilar to, but slightly lower than, the corresponding levels 
for the infinitely deep well solution. 

Fig. 4 illustrates solutions to the Schrodinger equa- 
tions for the first three energy levels (n= 1 to 3) for holes 
within a finite well which is one of a series of wells formed 
by alternating layers of ZnSe and MgS. Thickness is 
measured in terms of monolayers of the crystal (one 
monolayer — 2.82A). The well and barrier thickness are 
substantially identical. Starting with thicknesses of 10 
monolayers, each well is effectively isolated from its 
neighbouring wells as the value of the evanescent wave 
function from neighbouring wells is substantially zero. A 
reduction in the number of monolayers (i.e. reducing the 
width of the wells and barriers) causes the energy levels 
of the solutions to increase - as would be expected since 
En is inversely proportional to the width of the well. Once 
the width of the wells and barriers reduces still further, 
the evanescent wave functions (of which the symmetric 
and antisymmetric solutions have different values) of 
the other wells begin to have significant non-zero values 
within the well and this splits the energy level solution 
into a series of values. The result of forming a series of 
quantum wells is that the energy levels form a continu- 
um within a band, as indicated by the hatched regions 
in Fig. 4. 

Fig. 5 illustrates the transmission probability versus 
energy for a heavy hole within a strained layer superlat- 
tice which has ten periods of four monolayers of ZnSe 
and two monolayers of MgS. The transmission proba- 
bility rises as high as 0.9. 

As noted above, to obtain blue light generation, it is 
necessary to increase the bandgap energy of confine- 
ment barrier region. The region decrease of net accep- 
tor concentration (Na-Nd) with increasing bandgap en- 
ergy in ZnMgSSe makes it difficult to obtain ZnMgSSe 
films which have high conductivity and a large bandgap 
energy. Modulation doping can overcome these prob- 
lems. However, in the present invention, the period of 
the superlattice is small enough to form a miniband, and 
carrier transport is carried out through the miniband (Fig. 
6) which results in better carrier transport than hopping 
(Fig. 2). The period of the superlattice should be thin 
enough to form a miniband, e.g. less than 6 monolayers 
when d ZnSe =d MgS , where d represents thickness. 

Fig. 6 schematically illustrates the energy level 
scheme within a semiconductor device constituting a 
first embodiment of the present invention. The level 
scheme is similar to that shown in Fig. 2 inasmuch as 



there is a plurality of quantum wells 10 defined by bar- 
riers 12. There are however two significant differences. 
The first is that the quantum wells 10 and barriers 12 
are thinner (this feature is not illustrated) such that a su- 

s perlattice region 1 3 with a miniband 1 8 are formed. The 
second is that the relevant energy criteria for the holes 
both for injection into the miniband 1 8 and for the emer- 
gence of holes from the miniband 18 into the active re- 
gion 2 of the device are satisfied. The hole injection cri- 

10 terion is satisfied if the energy of the miniband 1 8 over- 
laps or is sufficiently close to the energy level of an in- 
jection region 20 which, together with the superlattice 
region 13, define the cladding region 4 in this embodi- 
ment. The hole emergence criterion is satisfied if the 

is minimum energy level 21 of the miniband 1 8 is greater 
than or comparable to the energy level of the valence 
band of guiding region 3 positioned between the super- 
lattice region 1 3 and the active region 2 of the device. 
Holes are then able to pass via the miniband 18 from 

20 the injection region 20 into the active region 2. 

The formation of such a miniband 18 with a mini- 
mum energy level greater than or equal to that of the 
region 3 and comparable with or less than that of the 
region 20 requires that the barriers 1 2 of the superlattice 

25 be composed of a semiconductor material having a larg- 
er bandgap than the active region 2 of the device. If the 
energy of the miniband 18 is slightly more than the en- 
ergy of the injection region 20, holes can still be ther- 
mally promoted into the miniband. 

30 In the embodiment of Fig. 7, the superlattice region 
13 with miniband 1 8 is incorporated between the guiding 
region 3 and the cladding region 4, the latter being 
formed in this embodiment by the injection region 20 
which injects holes into the miniband 18. In an LED de- 

35 vice, such guiding region 3 is omitted, and the superlat- 
tice region 1 3 itself defines the carrier confinement bar- 
rier for the active region 2. In such a case, the minimum 
energy level of the miniband 18 is equal to the energy 
level of the confinement barrier. 

40 (n the embodiment of Fig. 8, the superlattice region 
1 3 with miniband 1 8 is formed within the cladding region 
4. In an LED device : the guiding region 3 is omitted, and 
the cladding region 4 defines the carrier confinement 
barrier for the active region 2. In such a case, the mini- 

45 mum energy level of the miniband 1 8 is equal to the en- 
ergy level of the confinement barrier 

In the embodiment of Fig. 9, the device is similar to 
that of Fig. 7 in that the superlattice region 1 3 with min- 
iband 18 is incorporated between the guiding region 3 
50 and the cladding region 4. However in this embodiment, 
the active region 2 is an MQW region defined by a mul- 
tiplicity of active quantum wells 2a separated by barriers 
2b. The criterion is that the minimum energy level 21 of 
the miniband 18 is greater than or equal to the energy 
55 level of the barriers 2b. 

In the embodiment of Fig. 10, the device is similar 
to that of Fig. 7 in that the superlattice region 1 3 with 
miniband 18 is incorporated between the guiding region 
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3 and the cladding region 4. How ver, in this embodi- 
ment, the energy level of the bulk material defining the 
wells 1 0 of the superlattice region 1 3 is less than that of 
the active region 2. 

Fig. 11 shows the bandgap energy and lattice con- 
stant for a plurality of ll-VI compound semiconductors. 
The lattice constants of ZnSe and MgS are 5.6681 A and 
5.62A respectively, which are almost lattice matched to 
a GaAs substrate (5.653A). The lattice constant of ZnSe 
is slightly larger than that of GaAs and the lattice con- 
stant of MgS is slightly smaller than that of GaAs. There- 
fore, the inner stress of a ZnSe-MgS superlattice can be 
made equal to zero by suitable choice of layer thickness. 
Stress cancellation is almost complete when 
d 2nSe= 2d MgS- Furthermore, by selecting the proper 
compositions of x and y in ZnSxSe-^-MgSySe^y (0 < x, 
y < 1), the superiattice can be perieciiy iaiiice matched 
to GaAs. Using a strain balanced composition, the inner 
stress of ZnSxSe-^-MgSySe-j.y (0 < x, y < 1 ) superlattice 
can be nearly equal to zero. 

Within the range of compounds Zn^Se-,^ and 
MgSySe^y, ZnSe (x=0) and MgS (y= 1 ) are binary com- 
pounds, and consequently have the highest composi- 
tion controllability. However, ZnSjjSe^and MgSySe-,_ y , 
still have a greater composition controllability than Zn- 
MgSSe quaternary compounds. 

A series of experiments have been performed to in- 
vestigate the properties of devices incorporating super- 
lattices. 

To begin with, the MgS barrier thickness depend- 
ence of PL spectra of ZnSe-MgS strained layer super- 
lattices was investigated. The strained layer superlattic- 
es were grown by molecular beam epitaxy with following 
growth conditions: GaAs substrate, substrate tempera- 
ture of 275°C, beam equivalent pressures of Zn, Se, Mg 
and S are 6x1 0" 7 , 1.4x10' 6 , 1.0x10" 7 and 2x1 0' 7 Torr, 
respectively. 

Figs. 12a-c shows PL spectra at 77K for a ZnSe- 
MgS strained layer superlattice with a ZnSe growth time 
of 15 sec and with an MgS growth time of 10 sec, 20 
sec and 30 sec in Figs. 12a to 12c, respectively. The 
peak energies of the emission due to quantized energy 
level were (a) 3.19eV, (b) 3.31 eV and (c) 339eV, re- 
spectively. The bandgap energy difference between all 
of the strained layer superlattices and ZnSe is more than 
0.3eV, which means that all of the strained layer super- 
lattices are promising as a cladding or confinement bar- 
rier region. 

In a second experiment, the ZnSe well thickness 
dependence of PL spectra of ZnSe-MgS strained layer 
superlattices was investigated. The strained layer su- 
perlattices were grown by molecular beam epitaxy with 
following growth conditions: GaAs substrate, substrate 
temperature of 275°C, b am equivalent pressur s of 
Zn, Se, Mg and S are 8x10' 7 , 1.8x10* 6 , 1.0x10* 7 and 
2x1 0" 7 Torr respectiv ly. 

Figs. 1 3a and 1 3b show PL spectra at 77K for ZnSe- 
MgS strained layer superlattices with MgS growth time 



of 10 sec and with the parameter of ZnSe growth tim 
of 10 seconds for Fig. 1 3a and 20 seconds for Fig. 1 3b. 
The peak energies of the emission due to quantized n- 
ergy level were (a) 3.20eV and (b) 2.98eV, respectively. 

5 The bandgap energy difference between strained layer 
superlattices with thinner ZnSe well thickness (Figure 
9a) and ZnSe is more than 0.3eV, which means the 
strained layer superlattice with the thinner ZnSe well 
thickness is a more promising material as a cladding or 

io confinement barrier region. 

In the next stage of investigation, Cl-doped strained 
layer superlattices were grown. The two different types 
of Cl-doped strained layer superlattices are shown in 
Figs. 14 and 15. 

is The device shown in Fig. 14 has an n-type GaAs 
substrate 30 which has an n-type ZnSe buffer layer 32 
formed thereon. An intrinsic ZnSe- MgS strained layer 
superlattice 34 is formed over the buffer layer 32 and an 
n-type ZnSe cap layer 36 (also a buffer layer) is formed 

20 over the strained layer superlattice 34. This forms a n- 
i-n (CI doped ZnSe, non-doped superlattice, CI doped 
ZnSe) structure. The strained layer superlattice 34 was 
grown by molecular beam epitaxy with a substrate tem- 
perature of 275°C and beam equivalent pressures for 

25 zn, Se, Mg and S of 8x1 0 7 , 1.8x10" 6 , 1.0x10" 7 and 
2x1 0' 7 Torr respectively and with a K-cell temperature 
of ZnClg of 147°C. An indium electrode 38 is formed in 
contact with the substrate 1 and a further indium elec- 
trode 40 having a radius of 200u,m is formed over the 

30 cap layer 36 by vacuum evaporation. 

Fig. 15 shows a similar device to that illustrated in 
Fig. 14, but the intrinsic ZnSe-MgS strained layer super- 
lattice 34 is replaced by an n-type ZnSe-MgS strained 
layer superlattice 42, thereby giving an n-n-n (CI doped 

35 ZnSe, CI doped superlattice, CI doped ZnSe) structure. 
Figs. 16a and 16b show the PL spectra for the de- 
vices illustrated in Figures 13 and 14, respectively. Both 
devices show a peak energy of 3.21 eV due to emission 
from a quantized energy level. 

40 Fig. 17 shows the current-voltage characteristics for 
the devices illustrated in Figs. 14 and 15. The line la- 
belled A refers to the device shown in Fig. 14, whereas 
the line labelled B refers to the device shown in Fig. 15. 
As can be seen, the n-n-n structure of Fig. 15 exhibits 

45 better current flow than the intrinsic structure shown in 
Figure 14. This implies that the Cl-doping works effec- 
tively inside a strained layer superlattice. 

Two further devices having nitrogen-doped strained 
layer superlattices were also fabricated. The device 

50 shown in Figure 1 8 has a p-type GaAs substrate 50 up- 
on which is formed a p-type ZnSe buffer layer 52. An 
intrinsic type ZnSe-MgS strained layer superlattice 34 
is formed over the layer 52 and a p-type ZnSe cap layer 
54 is formed over th layer 34. 

55 The strained layer superlattice 34 was grown by 
molecular beam epitaxy with the following growth con- 
ditions: a GaAs substrate having a temperature of 
275"C, beam equivalent pressures of Zn, Se, Mg and S 
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of 8x10" 7 , 1.8x10" 6 , 1.0x10* 7 and 2x10" 7 Torr, respec- 
tively. This gives rise to a p-i-p (N-doped ZnSe, non- 
doped superlattice, N-doped ZnSe) structure. Nitrogen 
doping was performed by a radical doping technique 
with an input power of 250W and a background pressure 
of 4.2x10- 7 Torr. 

An indium electrode 38 is formed in contact with the 
substrate 50 and a 200u.rn radius gold electrode 56 is 
formed over the cap layer 54. 

The device shown in Fig. 19 is similar to that shown 
in Fig. 18, except that the intrinsic type strained layer 
superlattice 34 is replaced by a p-type ZnSe-MgS 
strained layer superlattice 58, thereby giving rise to a p- 
p-p (N-doped ZnSe, N-doped superlattice, N-doped 
ZnSe) structure. 

Figs. 20a and 20b show the PL spectra at 77K for 
the devices shown in Figures 18 and 19, respectively. 
Both devices showed a peak energy level of 3.2eV due 
to emission from a quantized energy level. 

Fig. 21 shows the current versus voltage character- 
istics for the devices shown in Figs. 1 8 and 1 9. The line 
labelled A relates to the device shown in Fig. 1 8, where- 
as the line B relates the device shown in Fig. 1 9. As can 
be seen, the device shown in Fig. 19 having a p-doped 
strained layer superlattice 58 has an improved current 
flow compared to the device shown in Fig. 18. This in- 
dicates that N-doping works effectively inside the 
strained layer superlattice. 

The above results indicate that the ZnSe-MgS 
strained layer superlattice is a promising cladding or car- 
rier barrier layer. 

Referring now to Fig. 22, the laser comprises an n- 
type GaAs substrate 30 with an n-type ZnSe cladding 
layer 60 formed thereon. A Zn 0 8 Cd 0 2 Se active layer 62 
is positioned above the layer 60 and a p-type ZnSe clad- 
ding layer 64 is formed above the active layer 62. Finally, 
a p-type contact layer 66 is formed over the p-type clad- 
ding layer 64. An indium electrode 38 makes contact 
with the substrate 30, whereas a 5u,m wide gold elec- 
trode 68 is formed in contact with the p-type contact lay- 
er 66. The laser is cleaved from a wafer and has a cavity 
length of 1 mm. The laser is mounted on a copper heat- 
sink in a junction-up configuration. 

Referring now to Fig. 23, a second laser is substan- 
tially identical to the laser of Fig. 22 with the exception 
that a p-type ZnSe-MgS strained layer superlattice 58 
is formed between the active layer 62 and the p-type 
ZnSe cladding layer 64. The superlattice 58 includes a 
miniband and defines a carrier confinement barrier for 
the active layer 62. The minimum energy level of the 
miniband is equal to the energy level of such barrier 

The current versus light output characteristic for the 
lasers of Figs. 22 and 23 was measured at 77 K in a 
pulsed mod having a pulse width of 2ms and a 1/5000 
duty cycle. The laser mirrors were as cleaved and the 
strained layer superlattice 58 in the second laser (Fig. 
23) comprised 20 periods of four monolayer ZnSe with 
two monolayer MgS 



The current versus light intensity characteristic for 
the lasers is illustrated in Fig. 24. The second laser (Fig. 
23) with the strained layer superlattice showed a thresh- 
old current of 10mA which was three times smaller than 

s the equivalent laser without the strained layer superlat- 
tice. This demonstrates that the ZnSe-MgS strained lay- 
er superlattice is effective in suppressing electron over- 
flow and encouraging better hole transport. The lasing 
wavelength was 490nm. 

10 Referring now to Fig. 25, a third laser comprises an 
n-type GaAs substrate 30 having an n-type ZnSe buffer 
layer 32 formed thereon. An n-type ZnS 0 07 Se 0 93 clad- 
ding layer 70 is formed over the layer 32 and has an n- 
type ZnSe-MgS strained layer superlattice 42 formed 

is thereon. A ZnSe active layer 72 is formed over the 
strained layer superlattice 42 and has a p-type ZnSe- 
MgS strained layer superlattice 58 formed thereon. 
Each of the supertattices 42 and 58 defines a carrier 
confinement barrier for the active layer 72 and each has 

20 a miniband whose minimum energy level is equal to the 
energy level of such barrier. A p-type ZnS 0 07 Se 0 93 
cladding layer 74 is formed over the strained layer su- 
perlattice 58 and finally a p-type contact layer 66 is 
formed over the cladding layer 74. An indium electrode 

2S 38 makes contact with the substrate 30 and a strip elec- 
trode 68 makes contact with the contact layer 66. The 
laser exhibited a lasing wavelength of less than 480nm 
at room temperature which fell to less than 460nm at 
77K These wavelengths cannot be obtained using a Zn- 

30 MgSSe quaternary compound. 

Referring now to Fig. 26, a fourth laser is similar to 
the laser shown in Fig. 25 except that the n-type ZnSe- 
MgS strained layer superlattice 42 fabricated between 
the n-type cladding layer 70 and the active layer 72 was 

35 omitted. Lasing was observed at 77K with a wavelength 
of 445nm. 

For the devices shown in Figs. 25 and 26, the 
strained layer superlattice structures comprised 20 pe- 
riods of 4 monolayers of ZnSe in conjunction with 2 mon- 

40 olayers of MgS. 

A graded index separate confinement heterostruc- 
ture (GRINSCH) laser was fabricated. The device struc- 
ture is shown in Fig. 27 and is similar to that of the device 
shown in Fig. 25 except that the strained layer superlat- 

45 tices 42 and 58 at either side of the active region 72 are 
replaced by modulated period strained layer superlattic- 
es 76 and 78. The relative widths of the quantum well 
and quantum barrier in the modulated period strained 
layer superlattices are varied towards the active layers 

so so as to provide a graded energy band profile, as sche- 
matically illustrated in Fig. 28. Each superlattice 42 and 
58 defines the carrier confinement barrier for the active 
region 72 and includes a miniband (not depicted in Fig. 
28) whose minimum energy level is equal to the energy 

ss tevel of such barrier. In an alternative arrangement, the 
superlattice is in the flat band cladding region of the 
GRINSCH structure and the miniband of such superlat- 
tice has a minimum energy level which is equal to or 
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gr ater than the minimum energy I v I of the graded re- 
gion of the GRINSCH structure. 

Fig. 29 illustrates an energy level scheme for a laser 
having an Mg 0 ^ZnSo.^Se cladding layer 90 formed 
over a substrate (not shown). A 500A thick ZnS 0 06 Se 
guiding layer 92 is formed over the layer 90 and supports 
an Cd 0 2 ZnSe active layer 94 between 50 and 100A 
thick. A further guiding layer 96 identical to the guiding 
layer 92 covers the active layer 94. A 200A thick 
Mg 01 ZnS 014 Se cladding layer 98 provides an optical 
confining region between the guiding layer 96 and a su- 
perlattice 100. The cladding layer 98 and the superlat- 
tice 100 together define a cladding region. Such clad- 
ding region and the guiding layer 96 act as confinement 
barriers for the carriers contained in the active layer 94. 
The superlattice 100 consists of 10 repetitions of a 
5.65A thick layer of MgS and a 11.13A thick layer ot 
ZnSe. Fig. 29 illustrates the relative energy levels of 
electrons in the conduction band and holes in the va- 
lence band of such a device. Fig. 29 also indicates the 
depth of the quantum wells formed in the superlattice 
1 00 as seen by electrons and holes. The chain lines 1 04 
and 106 schematically illustrate the boundaries of min- 
iband 107 and the lines 108 illustrate the acceptor en- 
ergy levels of the dopant within the barrier material. 

In use, electrons and holes recombine within a 
quantum well formed by active layer 94. The guiding lay- 
ers 92 and 96 form barrier regions for the active region 
94, and the layers 92 to 96 form an optical guiding region 
within the device. Optical radiation, and electrons and 
holes, are confined by the cladding layers 90 and 98 and 
the superlattice 100. Electrons are injected into the clad- 
ding layer 90 and move towards the active layer 94. 
Electrons which pass beyond the active layer 94 are re- 
flected by the superlattice 100 which forms an effective 
barrier of 172meV as indicated by the chain line 101. 
The holes are injected into the heavy hole miniband 1 07. 
The holes then travel towards the active layer 94. The 
transport of holes within the miniband 107 is improved 
by doping at least the quantum barriers within the su- 
perlattice 100. Ea represents the activation energy of 
the acceptors that have been implanted into the quan- 
tum barriers by doping. Thus the superlattice 100 acts 
to confine electrons as well as to improve hole transport. 

Fig. 30 shows the energy level scheme for a laser 
which is similar to the device described with reference 
to Fig. 29, except that the superlattice 100 has been re- 
placed by a p-doped superlattice 102 having 10 repeti- 
tions of a Mg 0 ^ZnSo ^Se layer 8.47A thick and a 
Mg 04 ZnS 04 Se layer 14.31 A thick. This gives less of a 
bandgap in the superlattice compared to the device 
shown in Fig. 29. The operation of the device shown in 
Fig. 30 is similar to that shown in Fig. 29. 

Figure 31 shows the energy level scheme for a laser 
which is similar in structure to the devices described with 
reference to Figures 29 and 30, xcept that the active 
layer 94 has been replaced by a quantum well 110 or a 
multi-quantum well structure composed of ln 0 2 Ga 0 8 N, 
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the guiding regions 112, 114 are composed of 
ln 0 osGa 0 95 N, and the cladding layers 116, 118 are com- 
posed of Al 0 2 Gao >8 N. The superlattice 100 has been re- 
placed by a p-doped superlattice 120 having 10 repeti- 

5 tions of an AI 02 Gao 8 N layer 11. 4A thick and an 
Al 0 5 Ga 0 5 N layer 6.68A thick. The operation of the de- 
vice shown in Figure 31 is similar to that of the device 
shown in Figure 29. 

Figure 32 shows the energy level scheme for a laser 

10 which is similar in structure to the device described with 
reference to Figure 31 , except that the superlattice 1 20 
has been replaced by a p-doped superlattice 1 22 having 
10 repetitions of a GaN layer 6.84A thick and an AIN 
layer 4.56A thick. Any strain within this superlattice can 

is be balanced through the design of the superlattice. The 
operation of the device shown in Figure 32 is similar to 
that shown in Figure 29. 

In any of the above-described embodiments of the 
present invention, the active layer/region may be a sin- 

20 g|e quantum well structure, or it may be a multi-quantum 
well structure, in which latter case the minimum energy 
level of the miniband is greater than or equal to the en- 
ergy level of the barriers of the multi-quantum well struc- 
ture. 

25 The formation of a miniband is not restricted to de- 
vices formed solely of ll-VI semiconductors. Devices 
constituting embodiments of the present invention can 
also be formed from lll-V semiconductor systems such 
as (AIGaln)Pand (AIGaln)N alloys. 

30 It is thus possible to provide blue light laser diodes 
capable of continuous operation at room temperature. 

Claims 

35 

1. An optoelectronic semiconductor device including 
an active region (2, 94), a first superlattice region 
(1 3, 1 00, 1 02) and a guiding region (3, 96) disposed 
between the active region (2, 94) and the first su- 

40 perlattice region ( 1 3, 1 00, 1 02), the first superlattice 
region having a repeating pattern of first and second 
semiconductor regions which define a plurality of 
quantum wells separated from each other by quan- 
tum barriers, the pattern repeat period being suffi- 

45 ciently small so as to form a miniband (18, 107) with- 
in the first superlattice region (1 3,100,102), wherein 
the carriers are transported through the miniband 
(18, 107). 

so 2. An optoelectronic semiconductor device including 
an active region (2, 94), a first superlattice region 
(1 3, 1 00, 1 02) and a guiding region (3, 96) disposed 
between the active region (2, 94) and the first su- 
perlattice region (13, 100, 102), the first superlattic 

ss region having a r peating pattern of first and second 
semiconductor regions which define a plurality of 
quantum wells separated from each other by quan- 
tum barriers, the pattern r peat period being suffi- 
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ciently small so as to form a miniband (18,1 07) with- 
in the first superlattice region (13,100,102), wherein 
the minimum energy level of the miniband (1 8, 1 07) 
is greater than or equal to the, or the minimum, en- 
ergy level of the guiding region (3, 96). 

3. An optoelectronic semiconductor device including 
an active region (62, 72) and an adjacent first su- 
perlattice region(58, 78), the first superlattice region 
(58,78) having a repeating pattern of first and sec- 
ond semiconductor regions which define a plurality 
of quantum wells separated from each other by 
quantum barriers, the pattern repeat period being 
sufficiently small so as to form a miniband within the 
first superlattice region, wherein the first superlat- 
tice region (58,78) defines a carrier confinement 
barrier for the active region, and wherein the mini- 
mum energy level of the miniband is equal to the 
energy level of the carrier confinement barrier. 

4. An optoelectronic semiconductor device including 
(a) an active region (2) comprising a first plurality of 
quantum wells (2a) separated from each other by 
first quantum barriers (2b), and (b) a first superlat- 
tice region (13), the first superlattice region having 
a repeating pattern of first and second semiconduc- 
tor regions which define a second plurality of quan- 
tum wells (1 0) separated from each other by second 
quantum barriers (12), the pattern repeat period be- 
ing sufficiently small so as to form a miniband (18) 
within the first superlattice region (13), wherein the 
minimum energy level of the miniband (18) is great- 
er than or equal to the level of the first quantum bar- 
riers (2b). 

5. An optoelectron ic semiconductor device as claimed 
in any one of the preceding claims, further compris- 
ing a carrier injection region (20) for injecting carri- 
ers into the miniband (18), the energy level of the 
injection region (20) being substantially matched 
with that of the miniband. 

6. An optoelectronic semiconductor device as claimed 
in any one of the preceding claims, wherein the ac- 
tive region (2, 62, 72, 94) has an energy bandgap 
corresponding to the energy bandgap between the 
conduction and valence bands of the material form- 
ing the active region. 

7. An optoelectron ic semiconductor device as claimed 
in any one of the preceding claims, in which the first 
and second semiconductors are ll-VI group semi- 
conductors. 

8. An optoelectronic semiconductor device as claimed 
in Claim 7, in which the first semiconductor is ZnSe 
and the second semiconductor is MgS. 



9. An optoelectronic semiconductor device as claimed 
in Claim 7, in which the first semiconductor compris- 
es ZnS x Se-,_ x where x is greater than zero and less 
than one, and the second semiconductor comprises 

s MgSySe^y where y is greater than zero and less 
than one. 

10. An optoelectronic semiconductor device as claimed 
in Claim 7, in which the first and second semicon- 

10 ductors consist of combinations of pseudomorphic 
quaternary alloys. 

11 . An optoelectronic semiconductor device as claimed 
in any one of Claims 1 to 6, in which the first and 

is second semiconductors are lll-V group semicon- 
ductors. 

12. An optoelectronic semiconductor device as claimed 
in Claim 11 , in which the first and second semicon- 

20 ductors consist of combinations of pseudomorphic 
quaternary alloys. 

13. An optoelectronic semiconductor device as claimed 
in Claim 11 or 1 2, in which the first and second sem- 

25 iconductors are combinations of the alloy system 
(AIGaln)N. 

14. An optoelectronic semiconductor device as claimed 
in Claim 11 or 1 2, in which the first and second sem- 

30 iconductors are combinations of the alloy system 
(AIGain)P. 

15. An optoelectronic semiconductor device as claimed 
in any one of the preceding claims, in which at least 

35 one of the first and second semiconductors are n- 
type doped. 

16. An optoelectronic semiconductor device as claimed 
in Claim 1 1 or 1 2, in which the first and second sem- 

40 iconductors are combinations of the alloy system 
(AIGa)N. 

17. An optoelectronic semiconductor device as claimed 
in Claim 16, in which the first semiconductor is AIN 

45 and the second semiconductor is GaN. 

18. An optoelectronic semiconductor device as claimed 
in Claim 15, in which the dopant is CI. 

50 19. An optoelectronic semiconductor device as claimed 
in any one of Claims 1 to 6, in which at least one of 
the first and second semiconductors are p-type 
doped. 

55 20. An optoelectronic semiconductor device as claimed 
in Claim 19, in which the dopant is nitrogen. 

21. Anoptoel ctronic semiconductor devic as claimed 
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in any one of the preceding claims, in which the first 
and second semiconductors ar lattice mis- 
matched with respect to a substrate but combined 
such that they experience substantially no net 
strain. 

22. An optoelectronic semiconductor device as claimed 
in Claim 9, in which the first and second semicon- 
ductors are lattice matched to the substrate. 

23. An optoelectronic semiconductor device as claimed 
in Claim 21 or 22, in which the substrate is GaAs. 

24. An optoelectronic semiconductor device as claimed 

in Claim 21 or 22, in which the substrate is ZnSe. is 

25. An optoelectronic semiconductor device as claimed 
in any one of the preceding claims, in which the pat- 
tern repeat period is six monolayers or less. 

20 

26. An optoelectronic semiconductor device as claimed 
in any one of the preceding claims, in which the rel- 
ative thicknesses of the first and second semicon- 
ductor regions and/or the pattern repeat period vary 

as a function of position. 25 

27. An optoelectronic semiconductor device as claimed 
in Claim 26, in which the device further comprises 
a second superlattice region (42, 76) having a re- 
peating pattern of third and fourth semiconductor 30 
regions, the pattern repeat being sufficiently small 

so as to form a miniband within the second region, 
and in which the active layer (72) is sandwiched be- 
tween the first and second superlattice regions (58, 
78 and 42, 76). 35 

28. An optoelectronic semiconductor device as claimed 
in Claim 27, in which the relative thicknesses of the 
third and fourth semiconductor regions and/or pat- 
tern repeat period vary as a function of position. 40 

29. An optoelectronic semiconductor device as claimed 
in Claim 8, in which the first semiconductor regions 
are substantially twice the thickness of the second 
semiconductor regions. 45 

30. A laser comprising the optoelectronic semiconduc- 
tor device as claimed in any one of the preceding 
claims. 



31. A modulator comprising the optoelectronic semi- 
conductor device as claimed in any one of Claims 
1 to 29. 
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